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An experimental method of determining optimum carbon 
content for steels has been developed by using notch tensile 
test specimens. To avoid brittle fracture, this optimum, 
which was found to be about 0.40 percent carbon, should be 
used in structural applications requiring very high strength 
in the presence of sharp notches.
For a given carbon content, the optimum hardness was 
also determined as a function of specimen size. Larger 
specimens have a lower optimum hardness than small speci­
mens, and vice versa. The optimum hardness occurs at the 
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Steels are usually hardened by heat treatment to obtain 
the desired strength for structural applications. The highest 
hardness which can be obtained in a steel by heat treatment 
depends on its carbon content. Higher carbon content permits 
higher hardness, with greater resistance to plastic deforma­
tion, but it also promotes brittleness. However, if the car­
bon content is too low, the steel will not gain high hardness 
by heat treatment, and as a result, will not have high strength 
for use. Thus, there is a certain carbon content which will 
give steel the most favorable strength properties.
Besides, after a steel is heat treated to have a certain 
high hardness, its strength will be influenced by size in the 
presence of a notch. In other words, the notch strength de­
creases when the specimen size increases.
This research was to investigate the optimum carbon con­
tent, the optimum hardness, and the size effect.
Four steels were used to make notch tensile specimens.
The notches were made to simulate the threads of bolts so that
1
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the experiment resembled bolting applications most closely. 
The specimens were quenched to have maximum obtainable hard­
ness and tempered to different yield strength levels. They 
were tested to failure, and the notch strength was corre­
lated with the corresponding yield strength from an unnotched 
compression test.
The technical literature on notch tensile tests is 




The specimens were made of 4 steels. They were heat 
treated to have a tempered martensitic structure, and machined 
to very high dimensional precision.
MBiaffiLflllB.
The 4 steels used were AISI-SAE 4340, D2, 01, and stain­
less steel 410. Their nominal chemical composition is shown 
in Table 1. These steels were chosen because (1) they have 
carbon contents which cover the range for alloy steels, and 
(2) they have good hardenability which insures full marten­
sitic transformation upon quenching.
Specimen Design
All tensile specimens (Figure 1) had two adjacent V- 
notches with an included angle of 60 degrees. The notch 
depth was 10 percent of the specimen diameter, corresponding 
to 36 percent reduction of the cross sectional area by
3
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notching. This decision was made for two reasons; (1) The 
10 percent notch gives low stress values (Sachs and Lubahn, 
1943), and (2) this notch depth is quite close to that of the 
usual bolt threads. The adjacent notches were to produce 
multi-notch stress conditions similar to those of bolts un­
der tension.
The specimens were provided with a button head on each 
end. The plane surface under the button head was made per­
pendicular to the center line of the specimen. Such design 
facilitates easy machining as well as better alignment of the 
specimen during tensile testing.
The specimens were manufactured in the following order of 
operations i
(1) Rough Machining, Blanks were cut to length, turned, 
and notched so that the diameters of the notch and the cylin­
drical parts were about 0,05 in, larger than those of the 
finished specimens,
A few early specimens of 01 steel were broken in the 
tensile test at the button head instead of at the notch due to 
quench crack. To avoid this difficulty, the 01 specimens were 
rough turned with a smooth taper from both ends toward the mid­
dle part of the bar.
Operations
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(2) Heat Treatments The semi-finished specimens were 
hardened and then tempered to different hardness levels (Ap­
pendix I). The quenching temperatures and media were as 
follows (Appendix II),
Quench Quench





All steels were heated to the austenitizing temperatures 
in air; and the depth of decarburization caused by this prac­
tice was found to be much less than the allowances for finish 
grinding (Appendix III), Sub-cooling after quenching was also 
studied. It was considered unnecessary for our investigation 
(Appendix IV). The specimens were tempered for 1 hour and 
cooled in still air.
(3) Grinding: There was almost always some warpage due
to heat treatments and therefore the grinding operation on the 
cylindrical surfaces and the under-side of the head buttons was 
necessary for concentricity of loading and for close control on 
the dimensions.
Both notches were also finished by grinding. Many grinding 
wheels were tried and found unsatisfactory; but the grinding 
wheels manufactured by the Carborundum Company, Catalog No. 
AA2205-L5-V20 and those by the Norton Company Catalog No.
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38A400~P9V were quite adequate for this operation. The wheel 
was dressed to 60 degrees, and re-dressed as many times as 
necessary during grinding so that the notches were formed with 
a bottom sharper than the desired finished root-radius, The 
bottom of each notch was then lapped with metal wires of suit­
able size. In this way, the notch root was made to a well 
controlled shape with a uniform radius, and the notches were
also made concentric with the other cylindrical parts of the






(4) Inspection: Before the tensile test, the following
dimensions were measured by means of a traveling microscopes
1. Specimen diameter.
2. Notch diameter.
3. Distance from bottom of notch to edge 
of specimen. Three measurements were 
taken 120 degrees apart.
The accuracy of these dimensions is indicated by the tolerances
as shown in Figure 1. The distance from bottom of notch to
edge of specimen was taken as a measure of concentricity. The
maximum variation in this dimension, for any one specimen, was
almost always less than 0.002 in. The indicated tolerances




The finished specimen was first tested to failure to 
determine the malfunction stress. A section near one of the 
button heads was then cut and polished for hardness measure­
ments. Afterwards, the same hardness sample was used for 
compression tests to determine the yield strength of the 
steel.
Tensile Test
Two special devices were used in the tensile test:
(1) The Strain Gage.
A floating gage was designed to measure the changes in 
notch diameter, (Figure 2). The entire unit was suspended in 
air by strings. It was balanced by counter weights, so that 
the knife-edge could move easily in the horizontal direction 
to follow the contraction at the root of the notch.
There was always a great shock at the instant of frac­
turing of the specimen. The two halves of the metal block
7
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and the two knife edges (see Figure 2) were often separated 
by the shock from the other parts. Since the upper half of 
the block absorbed much of the shock and fell apart from the 
lower halfs any damage to the dial indicator gage was elimin­
ated, The knife edges usually became blunt after the shock, 
and needed re-sharpening for the next test.
To check the reliability of this gage, an unnotched ten­
sile specimen made of 4340 steel, 1 in. in diameter, was 
tested. The gage was used to measure the change in diameter 
during loading and unloading. The data are shown in Figure 3. 
We can calculate Poisson°s ratio from these curves. By defi­
nition, Poisson°s ratio is




where d is the diameter, and Ad the change in diameter. 
And
where S@ is the longitudinal stress, and E is Young0s modulus. 
But
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The quantity is the reciprocal of the slope of the curves
in Figure 3. In our test d - 1,00 in.
and taking E = 30*10^ psi
thens for loading )a - 0,326
for unloading ja - 0,307
These values of /a are nearly equal, and agree with the
recognized Poisson0s ratio for steels, Thus, the gage was
considered as quite dependable.
(2) The Loading Fixtures
A concentric testing fixture was used to apply tensile load 
on the specimen (Figure 4). The fixture was built with such 
high precision that the centers of the two balls were in ex» 
cellent alignment with the center line of the specimen, and the 
upward motion was entirely vertical due to the restriction of 
the guideposts. The combination of this high»accuracy fixture 
and the well finished specimens made it possible to achieve 
good concentricity of loading.
To examine the concentricity, an unnotched specimen, like
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the one used for checking the strain gage, was tested with two 
Huggenberger gages, which were mounted on the specimen first 
at 90 and 270 degrees, then at zero and 180 degrees apart, 
without removing all the load. From the load«deflection curves
of both gages (Figures 5 and 6) the eccentricity can be calcu­
lated as follows (Sachs, Lubahn, and Ebert, 1944):
Suppose the load P is applied on the round bar at c dis­
tance from the center line. We can superimpose 4 counteracting 
forces j, equal in magnitude to P, along the center line as shown 
in Figure 7, Then the resultant stress will be a combination of 
tensile and bending stresses. Let S^ be the maximum value of 
stress, then
S S3 ^ + fiSihbl A I
where r is the radius of the specimen, and I the area moment of
inertia. Therefore, the eccentricity
c
in which £ = S1 + s3
where S3 is the minimum value of stress
So
For the elastic case S =« Ee
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The quantity ^ is the reciprocal of the slope of the 
curves in Figures 5 and 6,
and taking
In our test t = 0.500 in.
E = 30 ?106 psi
then9 for zero and 180 degrees c 3 0.00025 in.
for 90 and 270 degrees c 3 0.00027 in.
The two values of eccentricity are almost the same, and much 
smaller than 0.001 in. Therefore, this calculation can be con­
sidered as a verification of the high degree of concentricity
of loading.
During the test, load and gage readings were recorded at 
intervals, and the following quantities were obtained:
(1) Change in notch diameter v.s. load. The strain of the 
specimen due to tensile loading must be localized at the root of 
each notch, and therefore the specimen normally always broke at 
one of the two notches. We can have two types of malfunction:
i) Malfunction by yielding will be defined as behavior in 
which the permanent change in notch diameter up to fracturing 
was equal to or greater than the amount of 0.2 percent trans­
verse strain.
ii) Malfunction by fracturing: The change in notch diam­
eter up to fracturing was smaller than the amount of 0,2 percent 
transverse strain.
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(2) Malfunction stress. Corresponding to the two types 
of malfunction, we have
i) Malfunction stress by yielding; Load at 0.2 percent 
plastic transverse strain divided by the initial cross sec­
tional area of the notch.
ii) Malfunction stress by fracturing: Load at fractur­
ing divided by the initial cross sectional area of the notch.
Examples of load-deflection curves are shown in Figure 8.
After the tensile test, a piece about 1/2 in. in diameter 
by 1 in. long was cut from tinder one of the button heads of the 
broken specimen. Both end^surfaces were carefully polished un­
til they were parallel and smooth. Several points on one sur­
face were tested for hardness, and the average of the readings 
was taken as the hardness value of the specimen. All specimens 
had very uniform hardness readings across the surface, indicat­
ing through^hardening of the steels (Figure 9). The Rockwell C 
scale was used for all tests.
Compression Test
Yield strength of each specimen was determined by the com­
pression test, using the same hardness sample. Two Huggenberger 
gages were mounted on the opposite sides of the compression sam­
ple to measure the strain. The yield strength was defined as the 
stress corresponding to 0.2 percent longitudinal strain.
T 1005
Results  and  a k a m s is
Test results were summarized in Table 2, The data were 
analyzed by plotting the malfunction stress against the yield 
strength*
BafcermLaftfclan. at Malfunction SJaamg
Results of every notch«*tensile test were plotted as a 
load';*deflection curve so as to determine the malfunction stress. 
Each test must belong to either of the two cases: (1) pure
elasticor (2) elastic and plastic. In the second case, we 
had to decide arbitrarily whether the specimen failed by frac­
turing or by yielding. The method was to draw a straight line 
parallel to the elastic line at 0.2 percent strain and to find 
the corresponding stress on the curve.
Normally, the elastic line was well defined. But sometimes, 
this line was vertical when the dial indicator gage did not begin 
to move right away,, because of the slack in the gear mechanism. 
The slope of the elastic line for such a curve was determined
13
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by using the quantity, the transverse modulus E ,̂9 as defined 
by Sachs, Lubahn and Ebert (1944).
By definition, Ey = Se P _ d
1 et ~ A Ad
Therefore, the slope of the elastic line is
-JL- * Et ^
The transverse modulus was taken as a constant. In our 
investigation, the average value of E^ from 5 tests with long 
elastic region was found to be 180 • 10 psi (Figure 8).
For tests where the elastic region is very short or absent 
because of slack in the gage, a line with a slope » 180 • 
was drawn in such a way as to be tangent to an exten- 
of the curve fairing the data points, as shown in Figure 10*
ys£L.oJLJ3atLa
The malfunction stress smf of each specimen is plotted 
against its unnotched compressive yield strength (Figure 11). 
Two special features are readily seen in this diagram:
(1) The yielding line. The line which represents mal­
function stress by yielding is well defined by the data points. 
All data points of specimens which failed by yielding follow 
this same line regardless of size of specimen, type of steel, 
or heat treatment.
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(2) Hie fracturing lines. The lines which represent mal­
function stress by fracturing first tend to drop rather slowly, 
and then very rapidly as the yield strength continues to in­
crease.
We shall analyze the physical meanings indicated by these 
lines in terms of the following subjects:
£!astjs. SaastxalaK, Factor
The slope of the yielding line must be always greater than 
unity due to the effect of notching. It should be equal to the 
plastic constraint factor as defined by Beiser & Baldwin (1957), 
This factor was determined by Sachs, Lubahn and Ebert (1945) as
S„
S ~  ~ 1 + R
Where Sn - notch strength
Su 22 unnotched strength
R =s fraction of the cross sectional area 
removed by notching
According to this formula, the yielding line should have a
slope of 1,36, But our data show that
smf - 1.20 Sy
The discrepancy may be due to the difference in the definition 
of strength. Here we use the stress corresponding to 0,2 per­
cent strain whereas the cited authors used the ultimate strengtji.
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Strength and Optimum Hardness 
Figure 11 has two regions. On the right side, the speci­
mens are frangible (fail by fracturing). On the left side, 
the specimens are tough (fail by yielding). We shall define 
the optimum yield strength of a steel, for a given specimen 
size, as the yield strength at the intersection point of the 
yielding line and the fracturing line. We justify our defini­
tion for two reasons t
Specimens which have higher yield strength than this 
do not gain any higher malfunction stress.
(2) This optimum yield strength is the highest strength 
level the specimens can have without being frangible; and so 
by plastic deformation they can sustain possible overload or 
excessive eccentric loading and still continue to perform their
Accordingly, the optimum yield strength for each group of 































There is a simple relationship between yield strength and 
hardness (Figure 12). For design purpose, it is necessary to
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specify the yield strength; but for heat treatment it is cus­
tomary to specify the hardness which will give the desired 
strength* Also,, we find it more convenient to use the term 
hardness when we discuss the strength levels in connection 
with the alloy and carbon content of steels* By referring to 
Figure 12 we can convert the optimum yield strength into op­
timum hardness as shown in the above table*
Q&tiwSk Carbon Content
Carbon is known as the element which has the greatest ef­
fect on hardenability in steel, and the maximum obtainable 
hardness by quenching depends on the carbon rather than alloy 
content (Figure 13) (Burns, Jfcore, and Archer, 1938), However, 
it has been generally presupposed that the increase in hardness 
by adding more carbon is always accompanied by a decrease in 
toughness. For this reason, the general practice is to use a 
lower carbon steel in preference to a higher carbon steel when­
ever feasible, Clark and Varney (1962) advise the use of a 
steel with as low a carbon content as possible which will give 
the strength required.
The optimum carbon content is defined as that which gives 
the highest optimum yield strength for a given size of specimens. 
This quantity can be determined by plotting the optimum yield 
strength versus the carbon content of each steel tested.
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According t© Figure 14, for our specimen configuration, we see 
that as the carbon content increases, the optimum strength in­
creases first to about 240,000 psi, then starts to decrease. 
Although there are only 4 data points, this graph indicates very 
clearly that the optimum carbon content is in the immediate 
neighborhood of 0,40 percent.
One example may help clarify the importance of using the 
optimum carbon content. Let us suppose that we wish to make a 
l«in. bolt, requiring a yield strength of 190,000 psi. All the 
4 steels tested can have this strength level, but we still 
should use the 4340 steel, because the other 3 steels (D2, 01, 
and 410), either with higher or even lower carbon content, 
could fail by fracturing at this strength level, according to 
Figure 11.
Therefore, in order to avoid failure by fracturing, we 
should always use steels with the optimum carbon content.
Just to choose a steel with lower carbon content is not neces­
sarily always safe, even though that steel can give the re­
quired strength.
Figure 14 was plotted by using the data of the 1-in. 
specimens. Of course we can use other sizes of specimens as 
well. Although a change in size will cause a corresponding 
change in the optimum yield strength, presumably this change 
will always occur in a fixed manner for all steels. Therefore,
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the relative positions of the optimum yield strengths will re­
main the same9 and we shall obtain the same value of optimum 
carbon content 0
fiflfass si. Size.
In Figure 11, Che data of the 3 different sizes of D2 
specimens show that for a given hardness the malfunction stress 
by fracturing decreases as the size increases. According to 
the inverse square root law (Griffith, 1920), for a certain 
yield strength level the malfunction stress by fracturing 
should ©bey the following equations
Where K is a function of yield strength.
Taking logarithms of both sides of the above equation
log Smf » log K - % log d 
This equation indicates that a plot of log Smf versus log d 
should have a slope of But Figure 15 shows that for
1609000 “ 1809000 yield strength, our data do not exactly 
agree with this law, as the curve actually has a slope of 
- 1/5, The difference in slope may be due to the fact that 
the notches were not exceedingly sharp. Or it' may be due to 
the fact that the inverse square root law requires the speci­
mens to fail elastically, whereas our specimens merely have
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less than 0*2 percent plastic strain at the bottom of the 
notches. However, it is interesting to note that, although 
specimens having still higher yield strengths (between 280,000 
and 320,000 psi) did fail almost completely elastically, never­
theless their malfunction stress values did not even show a 
consistent trend with respect to size (Figure 11), In this 
ease, the deviation was probably caused by other factors such 
as the residual stresses remaining in the specimen after tem­
pering •
E&C&S& M l o v  Content
Since for all steels yield strength is related to hard­
ness, and the maximum obtainable hardness depends on the carbon 
rather than alloy content, it is possible that steels with dif­
ferent alloy elements but with the same carbon content, heat- 
treated to have the same microstructure and same yield strength, 
could have the same malfunction stress. According to Hollomon 
and Jaffe (1947), the notch bar properties are practically in­
dependent of alloy content, if the steels have completely mar­
tens itie structures on quenching and if subsequent heating 
operations do not induce the precipitation that is the cause 
of temper brittleness.
On the other hand, every alloy element has its specific 
effect on the properties of a steel, and therefore it is entirely
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possible that the alloy content may also have an effect on the 
notch strength* In a systematic study of low-alloy experiment 
tal steels5 selected to display effects of various individual 
alloy elements in quenched and tempered steels, Srawley and 
Beaehem (1962) obtained data to indicate that vanadium (0*2 
percent) was highly beneficial, and molybdenum and chromium 
were also beneficial in the resistance to crack propagation.
In other words 9 alloy content per se does have an effect on 
the notch strength.
However, the experimental results of Srawley and Beaehem 
have exhibited a general characteristic, namely the steels 
with about 0,40 percent carbon but with different alloy ele­
ments had only slight differences in fracture strength when 
the yield.strength is lower than 200,000 psi (Figure 16), This 
fact: is important. It means that the statement of Hollomon and 
Jaffe is correct when the yield strength is below a certain 
level.
To further demonstrate this point, we have replotted some 
of the data from Srawley and Beaehem (Figure 17), This graph 
has the same features as Figure 11. We can establish the yield­
ing line and fracturing lines according to the data points and 
apply our definition of optimum yield strength. The highest 
optimum yield strength of the steels is 180,000 psi, and the 
lowest 160,000 psi. The difference is only 20,000 psi and is
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rather insignificant compared with the scattering of the data 
points. Therefore, in spite of the variation of alloy elements, 
those 8 different steels with the same carbon content (about 
0.40 percent) have essentially the same optimum yield strength 
(170,000 psi).
Considering the above, we can ascertain that our values of 
optimum yield strength, optimum hardness, and optimum carbon 
content will not be changed appreciably by any possible effects 
due to differences in alloy content,
E£A§ct g£ Tempering Temperature
In Figure 11 each fracturing line is composed of two parts; 
a rather flat part, and a rather steep part. The flat part is 
where the specimens were tempered at relatively higher tempera™ 
tures, and the steep part is where the specimens were tempered 
at lower temperatures. The tempering temperature which attracts 
our attention is that which brings about the optimum yield 
strength. This temperature is different for different steels 
due to their different tempering responses. For the same steel, 
it is also different for different sizes of specimens. From 
Appendix I, we obtain the tempering temperature for optimum 
hardness for each steel tested. These tempering temperatures 
are listed in the table on Page x.6.
The 01 specimens whose data points made up the steep part
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oof the fracturing line were tempered at 800 and 600 F. These 
temperatures are in the ranges where some temper brittleness 
may occur (Low, 1959). Therefore, temper brittleness might 
have an effect on the early drop of the fracturing line of the 
01 specimens. However, this is not true of the other steels, 
for which the steep part corresponds to tempering temperatures 
less than about 400° F.
Other Considerations
The malfunction stress of a steel is affected by other 
factors, in addition to those which have been discussed before. 
For example, specimens tested at different temperatures will 
have different malfunction stresses. Different specimen de­
signs will also give different malfunction stresses.
For steels with 0.40 percent carbon, the optimum yield 
strength derived from the data of Srawley and Beaehem is 170,000 
psi; whereas that obtained from our data (1-in. specimens) is 
235,000 psi. Our notch tensile specimens were cylindrical 
bars with a slightly rounded bottom on the annular groove, 
while theirs were thin sheets with fatigue cracks at the ends 
of a central slot. These differences undoubtedly account for 
the difference in optimum yield strength. What is important 
is that both experiments exhibited the same general character** 
isties as shown in Figures II and 17. Because of this similar-* 
ity, one would expect to find the same value of optimum carbon
T 1005 24
content in tests like those of Srawley and Beaehem as that 
found in the tests described here. For the same reason, one 
would expect to find the same optimum carbon content for other 
types of loading, such as notch bending.
Eight 01 specimens were broken in the tensile test at 
the button head because of quench cracks from 0.02 to 0.20 in. 
deep. When we divided the load at failure by the net cross 
sectional area, we found that these specimens had very low 
malfunction stresses (Figure 11). The decrease in notch 
strength was apparently due to the sharpness of the crack.
It is interesting to note, however, that these stress values 
did not continue to decrease at high yield strength levels 
corresponding to a hardness of 51 Rc or higher.
Also, there was one 01 specimen which broke at the notch 
with a quench crack in the notch (0.02 in. deep). Its mal­
function stress was 35,000 psi. We can use this stress value 
to calculate the critical energy release rate according to the 
analytical expression and experimental results of Lubahn (1959) 
We have
2Smf^Gc « F (N)
where F (N) = 0.26
Substituting Sm  ̂= 35,000 psi
d =0,80 in.
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2we get G_ =» 8.4 in-lb/in
This is an extremely low value of Gc.
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CONCLUSIONS
Our analysis of the experimental data justifies the fol­
lowing conclusions:
(1) There is an optimum carbon content for steels (in the 
neighborhood of 0.4 percent). To avoid failure by fracturing, 
steels with this optimum carbon content should be used for 
structural applications.
(2) This optimum is not merely due, as was previously 
supposed, to the fact that high yield strength cannot be ob­
tained in very low carbon steels. It has been found, con­
trary to prior opinion, that there is a decrease in toughness 
if the carbon content goes below a certain value; and this 
fact, by itself, causes an optimum carbon content to exist.
(3) Malfunction stress decreases with specimen size in 
the frangible region, but not exactly according to the inverse 
square root law. The larger the specimen, the lower is this 
malfunction stress.
(4) For each size of specimen, there is an optimum yield
26
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strength corresponding to an optimum hardness. This optimum 
yield strength decreases as the size increases. Steels should 
be quenched and tempered to have this optimum hardness so that 
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Figure 3. load^deflection curve. (Unnotched specimen to check the floating gage)
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Figure 5. Load-deflection curve for determining eccentricity. 








Figure 6 . Load°deflection Curve for Determining Eccentricity. 
(90 and 270 degrees)
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Figure 10 Determination of Malfunction Stress 
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Figure 13. Maximum Obtainable Hardness vs. Carbon 
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Figure 16. Fracture strength ratio vs. yield
strength for experimental low^alloy 
steels at room temperature.
(Carbon content 0.41 - 0.45 %) 
(Srawley and Beaehem, 1962)
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Heat No. G Mh p S Si Ni Cr JttOL. y Go
X 209 0.42 0.97 0.008 0,006 0.01 0.07 0.07 0.07 0,.02 0.01A 219 0.42 1.02 0.004 0,004 0.50 0.99 1.04 0.01 0,.01 0.06V 220 0.43 1.03 0.003 0,006 0.50 0.05 1.00 0.48 0 ,.02 0.03o 221 0.41 0.52 0 .002 0,005 0.54 0.06 0.87 0.03 0,.19 0.03_L 222 0.41 0.52 0 .002 0,.007 0.53 0.07 0.87 0.01 0,02 0.78T 224 0.43 0.58 0.007 0,004 0.52 0.07 0.01 0.54 0,.02 0.86h 225 0.43 1.03 0.003 0,006 0.59 1.03 0.98 0.59 0 ,.02 0.01H 234 0.43 0.02 0.004 0,008 0.02 0.08 1.95 0.01 0 .02 0.03
200
T
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Figure 17. Fracture Strength vs. Yield Strength. (From the 
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TABLE 2 
Summary of Test Results
Specimen Tempering 





























































































































































































































































































4340 1 200 56.4
if 11 200 56.30
11 ft 400 53.60
it If 400 54.55
it It 600 49.17
i i I I 600 49.54n ft 800 43.42
it tl 800 44.90
i i ft 1000 38.70t« ft 1000 38.58
it I I 1200 26.25
it II 1200 27.66
Yield Malftmc- Type of
Strength Breaking tion Malftine-
























* Unloaded before breaking
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APPENDIX I.
TEMPERING S B fflMBS.
Tempering responses of the four steels were needed so that 
the tensile specimens could be tempered to known hardness for 
testing.
Disk-like samples were hardened and then tempered at dif­
ferent temperatures. Hardness was measured after each time of 
tempering.
1) The as-quenched hardness readings of the tempered sam­
ples varied somewhat from those of the fractured specimens as 
described in the section on Hardenability, But the variations 
were small and within the range of expected experimental er­
rors,
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Tempering Response9 D2 Steel.
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O disk**like specimens 
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Figure B* Tempering Response9 Stainless Steel 410.
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O disk-like specimens 
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To harden a piece of steel, we have to (1) austenitize 
the steel at proper temperature* and (2) quench the steel in a 
proper medium. Both operations depend on the composition of 
the steel. In the following experiments, we used 3/4-in.- 
diameter bar stock for the specimens, and the hardness test­
ing for determining the as-quenched structure.
Austenitizing Temperature
There are handbook data (Le Grand, 1955; Metals Hand­
book, 1961) of austenitizing temperatures for the steels used.
In order to check whether the available data were dependable, 
one of the suggested temperatures was examined.
Experiment
Disk-like samples of D2 steel were heated to different tem­
peratures and quenched in air. Hardnesses were measured after 




The highest obtainable hardness was obtained by austeni- 
tizing the steel at the recommended temperature (Figure E), 
and therefore full martensitic structure was realized.
Conclusions
1) The recommended austenitizing temperatures were con- 
sidered to be dependable.
2) For hardening the tensile-specimens the following tem­
peratures were to be used:
3) The correctness of the above temperatures was also 
insured by checking the as-quenched hardness against the maxi­
mum obtainable hardness according to the carbon content (Fig­
ure 13 ).
Qye,£ph,ing Media
The quenching procedure is to cool the steel from the 
austenitizing temperature fast enough so that martensitic 
structure can be obtained. The cooling rate depends mostly 









common quenching media are water, oil, or air. The following 
experiment was used to determine which of the above three 
media was suitable to fully harden each of the used steels.
Experiment
Specimens (3/4 in. in diameter and 5 in. long) of the 
four steels used were quenched from their austenitizing tem­
peratures in water, oil, and air. Hardnesses were measured on 
the end faces and the cross-sectional faces in the middle of 
the specimens* The hardness readings were measured and com­
pared with those in Figure 13.
B&ml^s
1) To section the specimens in the middle we used emery 
cutting wheels with water cooling. The hardness on the cut
faces was found to be lower than that on the end faces. For 
example, the cut~face hardness of the D2 steel was as follows:
Water Oil Air
Rc, 1st test 58.2 60.2 60.1
Rc, 2nd test 57.7 58.5 57.5
The end-face hardness was Rc 64 for all three quenching media. 
All hardness readings were taken after the surfaces were ground 
off about 0.01 in.
The lower hardness readings on the cut faces were thought
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to be caused possibly by the followings
1) The steel could not be hardened by these quenching 
media.
2) The steel was hardened, but the hardness was reduced 
by the cutting.
To ascertain which of the above reasons was true, we 
measured the hardness on the cut face of a sample quenched by 
air“Co©iing„ The hardness increases gradually with the depth 
below the cut surface.
The data (Figure F) proved that the specimen was hardened 
and that the hardness was lowered by the cutting, probably due 
to local tempering. Thus, to get the true hardness readings, 
it is necessary to polish off the cut surface (about 0.10 in. 
for the D2 steel),
2) Later on, a different method was used to break the 
specimens. We made a nick in the middle of the specimen. Af­
ter hardening we compressed it as a beam under three-point 
loading. The specimens of high hardness broke in a brittle 
manner, and the fractured surfaces were neat and flat, and per­
pendicular to the longitudinal axis. The specimens of lower 
hardness would also break by brittle fracture but with rough 
surfaces. Specimens of still lower hardness would not frac­
ture and only bent under compression.
For hardness measurements, the neat and flat surfaces did 
not need any polishing, but the rough surfaces had to be
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polished. The specimens which could not be fractured had to 
be cut into two parts, and hardness was measured on the cut 
surfaces after polishing. The results are as follows:
Hardness (Rc) Obtained bv Different Ouenchants
Steel Water Oil Air
D2 65.0 64.6 64.5
410 4 4 -0** 38.0 39.301 64.0 65.0 44.5
4340 58.5 58.0 45.5
^Specimens did not fracture by compression. Hardnesses 
were measured on the cut-face after polishing.
^Severe quench cracks broke the specimen.
Conclusions
1) All four steels could be through hardened to the maxi­
mum obtainable hardness.
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High-temperature heating of steels in air usually causes 
decarburization. The depth of decarburization depends mostly 
on the temperature and duration of heating. The highest aus­
tenitizing temperature we had to use for hardening our steels 
was 1850 F. Therefore, it was desirable to know how severe 
the decarburization would be in order to decide whether some 
means of protection would be needed at such a high temperature.
Experiment
A piece of 3/4-in.-diameter D2 steel was austenitized at 
1850°F in air. It was air quenched and then sub-cooled in dry 
ice. The hardness on one face of the specimen was measured af­
ter each successive grinding operation.
Results
Rockwell C hardness readings continued to increase with the 
distance from the end of the specimen, or with the depth below
60
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the surface, until the depth came to 0*0073 in., where the 
hardness was Rc 65.4, which was about the maximum obtainable 
hardness (Figure 13).
Conclusions
The results of this experiment (Figure G) indicated that
1) Decarburization caused by austenitizing at 1850°F in 
air was less than 0.010 in. deep and was considered to be 
negligible.
2) All specimens need not be protected, such as by pack­
ing in cast-iron chips, for heat treatment, for the austeni­
tizing temperatures for the steels used were either equal to 




Depth Below Surface (0.001 in.)
Figure G. Decarburization Curve.
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It has been recognized that sub-cooling after quenching 
can reduce the amount of retained austenite; consequently the 
hardness of the heat-treated steel is increased. This experi­
ment was conducted to find out if it was necessary to use sub­
cooling for our work.
Experiment
Four specimens of 3/4-in.-diameter D2 steel was hardened. 
Two samples were put in a quantity of dry ice for about ten 
hours. Another two were not sub-cooled.
Hardnesses were measured at different locations along the 
length of the samples.
Table A shows that sub-cooled samples had a hardness of 
only about 1/2 Rockwell C unit higher than that of the as- 




1) The effect of sub-cooling is considered quite insig­
nificant for our investigation.
2) Sub-cooling would not be used.
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TABLE A, Effect of Sub^cooling on Hardness
Depth below Hardness Dry Ice
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